Interferon-induced transmembrane protein 3 (IFITM3) is a cellular endosome-and lysosome-localized protein that restricts numerous virus infections. IFITM3 is activated by palmitoylation, a lipid posttranslational modification. Palmitoylation of proteins is primarily mediated by zinc finger DHHC domain-containing palmitoyltransferases (ZDHHCs), but which members of this enzyme family can modify IFITM3 is not known. Here, we screened a library of human cell lines individually lacking ZDHHCs 1-24 and found that IFITM3 palmitoylation and its inhibition of influenza virus infection remained strong in the absence of any single ZDHHC, suggesting functional redundancy of these enzymes in the IFITM3-mediated antiviral response. In an overexpression screen with 23 mammalian ZDHHCs, we unexpectedly observed that more than half of the ZDHHCs were capable of increasing IFITM3 palmitoylation with ZDHHCs 3, 7, 15, and 20 having the greatest effect. Among these four enzymes, ZDHHC20 uniquely increased IFITM3 antiviral activity when both proteins were overexpressed. ZDHHC20 colocalized extensively with IFITM3 at lysosomes unlike ZDHHCs 3, 7, and 15, which showed a defined perinuclear localization pattern, suggesting that the location at which IFITM3 is palmitoylated may influence its activity. Unlike knock-out of individual ZDHHCs, siRNA-mediated knockdown of both ZDHHC3 and ZDHHC7 in ZDHHC20 knock-out cells decreased endogenous IFITM3 palmitoylation. Overall, our results demonstrate that multiple ZDHHCs can palmitoylate IFITM3 to ensure a robust antiviral response and that ZDHHC20 may serve as a particularly useful tool for understanding and enhancing IFITM3 activity. . 2 The abbreviations used are: IFITM, interferon-induced transmembrane protein; ZDHHC, zinc finger DHHC domain-containing palmitoyltransferase; MEF, mouse embryonic fibroblast; m.o.i., multiplicity of infection.
Interferon (IFN)-induced transmembrane protein 3 (IFITM3) 2 is a cellular protein that blocks the membrane fusion of endocytosed viruses and thus the entry of their genomes into the cytosol (1) (2) (3) . IFITM3 is particularly well characterized as a restriction factor active against influenza virus in cell culture and in vivo in both mice and humans (4 -13) . Additionally, infections with Chikungunya virus, Eastern equine encephalitis virus, and West Nile virus are increased in severity in IFITM3 KO mice (14, 15) . IFITM3 is thought to alter membrane properties, including rigidity and curvature, providing a nonspecific mechanism for inhibiting a broad array of viruses (3, 16) . We recently found that an amphipathic helix within IFITM3 is required for blocking membrane fusion mediated by viral proteins, which is consistent with the common ability of amphipathic helices to induce membrane curvature (17) . Adjacent to this helix are palmitoylated cysteines (S-palmitoylated) that are required for antiviral activity (5, 9, 18 -20) . Palmitoylation is a 16-carbon lipid posttranslational modification that increases protein hydrophobicity and targets proteins or protein domains to lipid membranes (21) . The close proximity of palmitoylation sites to the IFITM3 amphipathic helix suggests that the function of palmitoylation is to target or anchor this helix to membranes (17) . Here, we examine the ability of cellular enzymes to add this critical posttranslational modification onto IFITM3.
We first reported IFITM3 palmitoylation upon its identification in a chemoproteomic screen for acylated proteins (5) . Modification was mapped to three cysteines (amino acid positions 71, 72, and 105) with Cys-72 being the most important for promoting antiviral activity (5, 20) . These cysteines are among the most conserved residues among all IFITM isoforms from diverse species, including bacterial IFITMs, which are thought to be primitive ancestors of the mammalian IFITMs (22) . Indeed, the closely related IFITMs 1 and 2 are also palmitoylated (5, 19) as are more distantly related proteins such as IFITM5 and Syndig1, which have non-antiviral, but palmitoylation-dependent, functions in bone morphogenesis and neuronal development, respectively (23, 24) . Furthermore, IFITMs from mycobacteria are palmitoylated when expressed in human cells (25) . Conservation of this posttranslational modification throughout evolution fur-ther highlights its critical importance in the function of IFITM3 and other IFITMs.
S-Palmitoylation of proteins is typically mediated by members of a family of enzymes known as the zinc finger DHHC (Asp-His-His-Cys) domain-containing palmitoyltransferases (ZDHHCs) (26 -28) . There are at least 23 of these enzymes in mice and humans. Among the hundreds of known palmitoylated proteins, only a limited number of substrate/ZDHHC pairings have been identified to date (27) . For example, ZDHHC9 is essential for palmitoylation of the Ras proto-oncogene (29) , whereas ZDHHC6 is the primary palmitoyltransferase for the endoplasmic reticulum chaperone Calnexin (30) . The available published data suggest that ZDHHCs have largely distinct substrate specificities (27) . Through genetic studies in humans or mice, individual ZDHHCs have been implicated in neurological disorders, hair loss, and cancer (27) , although which ZDHHCs play a role in immunity, including those that are involved in activating IFITM3, remain unknown (31) . Here, we show that the absence of any individual human ZDHHC does not result in a defect in IFITM3 palmitoylation or the antiviral response following IFN stimulation, indicating that redundancy of endogenous ZDHHCs in mediating IFITM3 palmitoylation maintains robust IFITM3 activity. Furthermore, we screened overexpressed ZDHHCs and found that numerous members of this enzyme family are indeed able to palmitoylate IFITM3 and that ZDHHC20 is particularly adept at modifying IFITM3 and enhancing its antiviral activity. Unlike individual knock-out cells, knockdowns of additional ZDHHCs in the context of ZDHHC20 KO cells resulted in decreased IFITM3 palmitoylation, confirming a role for ZDHHC20 in palmitoylating endogenous IFITM3.
Results

Palmitoylation of human IFITM3 is not dependent on a single ZDHHC
Given the importance of palmitoylation for inhibition of influenza virus by IFITM3 (5, 18, 20) , we sought to determine whether loss of any individual ZDHHC would decrease IFITM3 palmitoylation and activity. Because siRNA knockdowns of individual candidate ZDHHCs in A549 cells provided us with inconclusive results, which we presumed were due to imperfect knockdowns ( Fig. S1 ), we purchased a commercial library of HAP1 cell lines individually lacking the human ZDHHCs 1-24 for further testing. These cells were generated using clustered regularly interspaced short palindromic repeats (CRISPR)/ Cas9 technology to introduce deletions and frameshifts early in each ZDHHC gene occurring prior to the coding sequence for their catalytic DHHC motifs. Mutations in the ZDHHC genes were validated by DNA sequencing. Because confirmed antibodies against most of the ZDHHCs are not available, we spot checked specific cell lines based on the availability of well characterized antibodies for the individual ZDHHCs. Indeed, we confirmed complete knock-out of ZDHHCs 6, 7, 9, and 20, providing additional confidence in the utility of this library of cell lines (Fig. S2 ). Furthermore, we confirmed that IFITM3 is expressed and antivirally active in HAP1 cells by measuring IFITM3 expression and infection rates in WT and IFITM3 KO cells with and without type I IFN treatment (Fig. 1, A and B) . Indeed, IFITM3 KO cells were significantly more susceptible to influenza virus infection than WT cells even after IFN␤ treatment, indicating that, as expected, IFITM3 is essential for the antiviral response following IFN stimulation in HAP1 cells ( Fig.  1B) . We next examined endogenous IFITM3 palmitoylation in the library of ZDHHC KO cell lines after treatment with IFN␤ to induce maximal IFITM3 expression. Briefly, cells were metabolically labeled with the alk-16 chemical reporter of protein palmitoylation, and immunoprecipitated IFITM3 was subjected to reaction via click chemistry with azidorhodamine to allow fluorescent visualization of palmitoylation by fluorescence gel scanning (5, (32) (33) (34) . Strong IFITM3 palmitoylation signal was observed for each of the knock-out cell lines, indicating that, in agreement with our siRNA knockdown studies ( Fig.  S1 ), no individual human ZDHHC is absolutely required for IFITM3 palmitoylation (Fig. 1C ). We further examined the susceptibility of the ZDHHC KO cell lines to influenza A virus infection. The individual cell lines showed similar rates of baseline infection, and treatment with IFN␤ decreased infection similarly in each of the cell lines ( Fig. 1D ) in contrast to infection of IFITM3 KO cells in which much of the antiviral activity of IFN␤ was lost ( Fig. 1B) . Overall, our results support the conclusion that redundancy among ZDHHCs provides the robust palmitoylation of IFITM3 required for its inhibition of influenza virus infection.
Multiple ZDHHCs can palmitoylate IFITM3 in cells
Overexpression of individual ZDHHCs has proven to be an effective method of increasing palmitoylation of specific proteins, thereby identifying ZDHHCs than can palmitoylate proteins of interest (35) (36) (37) (38) (39) (40) (41) . We thus obtained expression plasmids for murine ZDHHCs that have been used previously by multiple groups for identifying ZDHHC/substrate pairs (referred to in previous publications as DHHCs 1-23) (35) (36) (37) (38) (39) (40) (41) . We measured the ability of each ZDHHC to modify IFITM3 in an overexpression screen using the alk-16 chemical reporter of protein palmitoylation to measure IFITM3 palmitoylation (5, (32) (33) (34) . Quantification and averaging of IFITM3 palmitoylation levels from four independent experiments revealed that numerous ZDHHC proteins can increase IFITM3 palmitoylation in cells (Fig. 2, A and B) . In this series of experiments, ZDHHCs 1, 2, 5, 6, 9, 14, 23, 24, and 25 increased IFITM3 palmitoylation by 1.7-to 3.0-fold, and ZDHHCs 3, 7, 15, and 20 increased palmitoylation by more than 3-fold. (Fig. 2 , A and B) (Note that the ZDHHC numbers refer to the modern nomenclature for these proteins and that both the classic DHHC and modern ZDHHC numbering is shown in Fig. 2 to allow easy comparison with past studies using these expression constructs). Importantly, although expression levels of the ZDHHCs varied, levels of palmitoylation did not correspond simply to their unique expression levels (Fig. 2, A and B) . For example, ZDHHC20 is among those enzymes with the lowest expression but was able to robustly increase IFITM3 palmitoylation (Fig. 2, A and B) . Similar results were obtained when overexpressing this panel of murine ZDHHCs with human IFITM3 with ZDHHC20 showing the greatest ability to enhance human IFITM3 palmitoylation ( Fig. S3 ). Overexpres-sion of human ZDHHC20 with human IFITM3 similarly increased IFITM3 palmitoylation ( Fig. S4 ). Overall, our results indicate that more than half of the ZDHHCs can modify IFITM3 in cells, suggesting a higher degree of enzyme interaction promiscuity for IFITM3 compared with other palmitoylated protein substrates reported by us (41) and others previously (27, 29, 30) . For example, we previously found that only four of these constructs increased CD86 palmitoylation (41) . Phylogenetic tree analysis of the murine ZDHHCs indicates that enzymes from each of the major branches of ZDHHC evolution can modify IFITM3, possibly suggesting that this activity was present in a common ancestor of the mammalian ZDHHCs ( Fig. S5 ).
ZDHHC20 can increase antiviral activity of IFITM3
Consistent with our previous report that the palmitoylation sites on IFITM3 are not fully occupied when the protein is overexpressed in HEK293T cells (20) , we observed that palmitoylation of transfected IFITM3 can be increased by co-overexpression of specific ZDHHCs (Fig. 2, A and B) . Given that palmitoylation is required for IFITM3 antiviral activity (5, 20) , we sought to determine whether increasing palmitoylation of IFITM3 also increases virus inhibition. We examined the ability of the four ZDHHCs that were able to most dramatically increase IFITM3 palmitoylation (ZDHHCs 3, 7, 15, and 20) for their ability to inhibit virus infections. When the enzymes were overexpressed alone in HEK293T cells, they did not alter the percentage of these cells infected with influenza A virus as compared with control cells (Fig. 3A ). This result was expected given that HEK293T cells do not express detectable levels of endogenous IFITM3 (25) . Alternatively, transfection of IFITM3 significantly decreased infection (Fig. 3A ). Co-overexpression of ZDHHC 3, 7, or 15 with IFITM3 did not have any further effect on infection compared with IFITM3 alone, indicating that levels of palmitoylation of IFITM3 by endogenous ZDHHCs are adequate to achieve antiviral activity (Figs. 2, A and B, and 3A). However, co-overexpression of ZDHHC20 resulted in a reproducible and statistically significant enhancement in the ability of IFITM3 to restrict infection (Fig. 3A ). This 
ZDHHC20 enhances IFITM3 palmitoylation
ability of ZDHHC20 was dependent upon its enzymatic activity as mutation of its catalytic cysteine to alanine (ZDHHC20-C156A) eliminated its enhancement of IFITM3 palmitoylation ( Fig. 3B ) as well as its enhancement of virus restriction (Fig. 3A) . These results suggest that palmitoylation of IFITM3 by specific overexpressed ZDHHCs can provide nuanced effects on antiviral activity.
ZDHHCs 7 and 20 palmitoylate three cysteines within IFITM3
Cys-72 of IFITM3 has been shown to be the most important palmitoylation site for antiviral activity among the three palmitoylated cysteines within IFITM3 (20) . Thus, we tested whether ZDHHCs with distinct abilities to enhance IFITM3 antiviral activity were able to palmitoylate distinct cysteines within IFITM3. Utilizing double cysteine to alanine mutants of IFITM3 in which only a single intact cysteine remained along with overexpression of ZDHHC7 or ZDHHC20, we found that both of these ZDHHCs were capable of palmitoylating all three cysteines within IFITM3 (Fig. 4, A and B) . Thus, we were not able to distinguish these enzymes based on their ability to palmitoylate specific IFITM3 cysteines, although we cannot rule out subtle effects that are not distinguishable by our pulse labeling palmitoylation assay or that the individual ZDHHCs show preference for individual cysteines in the context of WT IFITM3.
The IFITM3 C terminus is required for palmitoylation by ZDHHC20
To gain insights into the interactions between IFITM3 and distinct ZDHHCs, we examined the ability of ZDHHCs 7 and 20 to palmitoylate N-terminal and C-terminal truncation . ZDHHC20 overexpression increases IFITM3 antiviral activity. A, HEK293T cells were cotransfected with the indicated HA-tagged ZDHHCs or GST control plus either vector control or myc-IFITM3. ZDHHA20 refers to the ZDHHC20 C156A catalytic mutant. After overnight transfection, cells were infected with influenza virus (m.o.i., 2.5) for 6 h, collected, and stained with anti-influenza nucleoprotein, anti-myc, and anti-HA to determine percentage of infection in the transfected cells by flow cytometry. Data shown are average infection percentages from at least three independent experiments, each done in triplicate. Error bars represent S.D. of the mean. The asterisk indicates p Ͻ 0.01, Student's t test. B, HEK293T cells were transfected with the indicated plasmids and labeled for 1 h with 50 M alk-16. Anti-HA immunoprecipitation of cell lysates followed by reaction with azidorhodamine (az-rho) via click chemistry allowed visualization of palmitoylation by fluorescence gel scanning. Western blots served as a loading control for IFITM3 and as a control for expression of both WT and mutant HA-ZDHHC20. ZDHHC20 enhances IFITM3 palmitoylation mutants of IFITM3. An N-terminal truncation mutant of IFITM3 lacking the first 57 amino acids of the protein (⌬1-57) was poorly expressed relative to full-length IFITM3 but was still robustly palmitoylated, and this palmitoylation was increased by expression of ZDHHC7 and ZDHHC20. (Fig. 4 , C-E). In contrast, a C-terminal truncation mutant lacking the last 33 amino acids of the protein (⌬104 -137) showed the weakest palmitoylation signal relative to its expression, and its palmitoylation signal could be increased by ZDHHC7 but not by ZDHHC20 ( Fig. 4, C-E) . Interestingly, in each of our experiments, we observed that both ZDHHC7 and ZDHHC20 showed weaker detection when they were coexpressed with a poorly palmitoylated mutant of IFITM3 as compared with when they were coexpressed with WT IFITM3 (Fig. 4, A-D) . This may suggest that interactions with substrate proteins stabilize ZDHHCs. Overall, experiments in Fig. 4, C and D, indicate that the C terminus of IFITM3 is required for palmitoylation of IFITM3 by ZDHHC20 but not for palmitoylation by ZDHHC7, which is thought to be among the most promiscuous ZDHHCs in terms of substrate specificity (27) .
ZDHHC20 colocalizes extensively with IFITM3 at LAMP1-positive compartments
We examined the localization of ZDHHCs 3, 7, 15, and 20 by confocal microscopy and found that ZDHHCs 3, 7, and 15 are localized to a perinuclear region consistent with Golgi localization previously reported for these enzymes (42) , whereas ZDHHC20 is widely dispersed throughout the cell (Fig. 4F) . Given the distinct cellular distributions that we observed for the different ZDHHCs, we examined colocalization of these ZDHHCs with IFITM3. IFITM3 partially localized with ZDHHCs 3, 7, and 15 and localized extensively with ZDHHC20 ( Fig. 5A ). Quantification of overlap between IFITM3 and these ZDHHCs in multiple cells confirmed that IFITM3 shows significantly greater colocalization with ZDHHC20 than with the other three ZDHHCs (Fig. 5B) . Given that IFITM3 is well characterized to localize to lysosomes (2, 18, 25, 43, 44) , we performed LAMP1, ZDHHC20, and IFITM3 costaining, and found that IFITM3 colocalizes with ZDHHC20 in LAMP1-positive lysosomal compartments (Fig. 5C ). Taken together with infection data (Fig. 3) , these localization results suggest that enhanced 
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palmitoylation of IFITM3 at lysosomes may be particularly beneficial for antiviral activity.
Depletion of ZDHHCs 3, 7, and 20 decreases IFITM3 palmitoylation in cells
Our experiments with ZDHHC KO cells indicated that more than one ZDHHC contributes to IFITM3 palmitoylation in cells (Fig. 1C) . Likewise, our ZDHHC overexpression screen indicated that multiple enzymes can increase IFITM3 palmitoylation (Fig. 2) . We thus posited that depletion of more than one ZDHHC would be required to observe a reduction in IFITM3 palmitoylation. Given the interesting phenotypes of ZDHHC20 in our overexpression experiments, we chose to knock down additional ZDHHCs in ZDHHC20 KO cells using siRNAs. We knocked down ZDHHC3 and ZDHHC7 based on the strong ability of these enzymes to increase IFITM3 palmitoylation when overexpressed (Fig. 2) and on previous reports suggesting that these are the most active and/or promiscuous ZDHHCs (27) and that they are ubiquitously expressed (42, 45) . Knockdown of ZDHHC3 or ZDHHC7 in the absence of ZDHHC20 resulted in decreased IFITM3 palmitoylation, and this was further decreased when both enzymes were knocked down simultaneously (Fig. 6, A and B) . Notably, even upon depletion of three ZDHHCs, IFITM3 palmitoylation was still detectable, indicating that additional endogenous ZDHHCs may also palmitoylate IFITM3. Nonetheless, these results indicate that multiple ZDHHCs palmitoylate endogenous IFITM3, including ZDHHCs 3, 7, and 20.
Discussion
Although the activity of IFITM3 against influenza virus is negatively regulated by posttranslational modifications, including ubiquitination (6, 18) , methylation (46) , and phosphorylation (43, 47) , palmitoylation is the only known posttranslational modification that increases IFITM3 antiviral activity (5, 18, 20, 31, 48) . Thus, enzymes that add this modification are likely critical contributors to the IFN-induced immune response. Using an overexpression screen, we found an unexpected degree of redundancy among the ZDHHC enzymes for palmi- Figure 5 . ZDHHC20 colocalizes extensively with IFITM3. A, MEFs were transfected overnight with the indicated HA-ZDHHC constructs and stimulated with IFN␣ for 8 h to induce IFITM3 expression. Cells were then stained with anti-HA (ZDHHC), anti-IFITM3, and DAPI for confocal microscopy imaging. B, overlap of IFITM3 with each ZDHHC was quantified from images as in A using the JACoP plugin for ImageJ software. At least 30 cells from two independent experiments were quantified and averaged. Error bars represent S.D. of the mean. Statistical significance for differences between ZDHHC20 and each of the other three ZDHHCs was determined by Student's t test, p Ͻ 0.0001. C, MEFs were transfected overnight with HA-ZDHHC20 construct and then stimulated with IFN␣ for 8 h to induce IFITM3 expression. Cells were then stained with anti-HA (ZDHHC), anti-IFITM3, anti-LAMP1, and DAPI for confocal microscopy imaging. Merge (3) and Merge (4) indicate three-and four-color merged images, respectively.
Figure 6. Depletion of ZDHHCs 3 and 7 in ZDHHC20 knock-out cells decreases IFITM3 palmitoylation.
A-C, ZDHHC20 KO HAP1 cells were transfected with siRNAs against the indicated ZDHHCs or with negative control siRNAs. Cells were also treated with IFN␤ overnight to induce expression of IFITM3. A, cells were labeled for 1 h with 50 M alk-16 and lysed prior to immunoprecipitation of IFITM3 and reaction with azidorhodamine (az-rho) via click chemistry for visualization of palmitoylation by fluorescence gel scanning. Western blotting for IFITM3 served as a loading control. B, graphs represent knockdown efficiency of the indicated siRNAs from a representative experiment as determined using quantitative RT-PCR for the specific ZDHHC transcripts normalized to GAPDH transcript levels. The asterisk indicates p Ͻ 0.0001, Student's t test, compared with the control siRNA-treated samples. C, the bar graph indicates normalized palmitoylation fluorescence averaged from three independent experiments. Error bars indicate S.D. The asterisk indicates p Ͻ 0.0001, Student's t test. Cont, control.
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toylation of IFITM3 by observing that 13 of 23 ZDHHCs increased IFITM3 palmitoylation in cells (Fig. 2, A and B) . Similar published screens using the same plasmid constructs with different substrate proteins have generally revealed only a minimal number of ZDHHC candidates (35) (36) (37) (38) (39) (40) (41) . For example, using these constructs in previous studies, our laboratory found that four ZDHHCs increased palmitoylation of CD86, and five ZDHHCs increased palmitoylation of Toll-like receptor 2 (41) . Mapping of IFITM3-modifying enzymes onto a phylogenetic tree of the murine ZDHHCs suggests that palmitoylation of IFITM3 may be an ancient function maintained by members of nearly all of the branches of mammalian ZDHHC evolution (Fig. S5) . This is further supported by previous evolutionary analysis of IFITMs suggesting that an IFITM gene was introduced into a primitive single-celled eukaryotic ancestor of mammals by horizontal gene transfer from bacteria (22) . Our results may also suggest that ZDHHC redundancy as demonstrated by our KO cell experiments (Fig. 1, C and D) would safeguard against a loss of IFITM3 antiviral activity upon mutation of any single enzyme in humans.
Maintenance of redundant enzyme functionality upon gene duplication was traditionally difficult to rationalize given that non-essential genes are expected to be lost through the course of evolution. However, the "piggyback model" describes maintenance of a redundant overlapping protein function via coselection with a non-redundant function (49) . The palmitoylation of IFITM3 by multiple ZDHHCs may occur through conservation of an ancestral activity, although each ZDHHC may also have unique functions, many of which remain undiscovered. For example, ZDHHC20 is able to palmitoylate IFITM3, and it is also uniquely essential among the ZDHHCs for the palmitoylation of the epidermal growth factor receptor, which was previously the only known substrate for this enzyme (50) .
It is also interesting to note that we previously found that IFITM3 is not depalmitoylated to a significant extent in human cells (18) and that at least one cysteine is palmitoylated on nearly 100% of endogenous IFITM3 (20) . This is in contrast to other palmitoylated proteins, such as the proto-oncogene Ras, which undergoes rapid cycles of palmitoylation and depalmitoylation that control its localization and signaling function (51) . Interestingly, Ras palmitoylation is largely dependent on a single enzyme, ZDHHC9 (29) , possibly suggesting that tight regulation of palmitoylation is most effectively achieved by utilizing a limited number of ZDHHCs. Likewise, the endoplasmic reticulum protein Calnexin is palmitoylated primarily by ZDHHC6 (30) . Recent work shows that Calnexin palmitoylation is also precisely regulated with only a fraction of the protein being palmitoylated, allowing the palmitoylated and nonpalmitoylated fractions to perform distinct functions depending on the needs of the cell (52, 53) . It is tempting to speculate that evolution has largely removed functional redundancy of ZDHHCs for palmitoylating Ras and Calnexin because increasing the palmitoylation of these substrates may be detrimental to the health of cells, whereas, in contrast, robust palmitoylation of IFITM3 is beneficial for ensuring an optimal antiviral immune response.
Some ZDHHCs, such as the related proteins ZDHHCs 3 and 7, have been proposed to be highly active and promiscuous in their modification of proteins (27) , consistent with their strong palmitoylation of IFITM3 (Fig. 2) . Other ZDHHCs, such as ZDHHC20, are thought to have more stringent substrate selectivity. Our assays suggest that ZDHHCs 7 and 20 can both robustly modify IFITM3 and that each can modify the three individual cysteines within the IFITM3 sequence (Fig. 4, A and  B) . In contrast, ZDHHC20 uniquely increased antiviral activity of IFITM3 upon overexpression of both proteins (Fig. 3A) . Distinct localization of ZDHHC20 with IFITM3 at lysosomes as compared with ZDHHC7 correlated with this ability (Figs. 4C and 5), although knock-out of ZDHHC20 alone did not result in decreased IFITM3 palmitoylation or activity (Fig. 1, C and D) . Thus, other ZDHHCs appear to be redundant in activating endogenous IFITM3 in human cells. Indeed knockdown of ZDHHCs 3 and 7 in the context of ZDHHC20 KO resulted in a decrease in IFITM3 palmitoylation. Overall, our results indicate that ZDHHCs 3, 7, and 20 contribute to endogenous IFITM3 palmitoylation and that ZDHHC20 may serve as a tool for understanding IFITM3/ZDHHC interactions and potentially for enhancing IFITM3 antiviral activity.
Experimental procedures
Cell culture, transfections, and treatments
HEK293T cells, A549 cells, and MEFs were grown in DMEM with 10% Equafetal FBS (Atlas Biologicals). HAP1 KO cell lines were purchased from Horizon Discoveries/Life Technologies and grown in Iscove's modified Dulbecco's medium with 10% Equafetal FBS. All cells were maintained at 37°C with 5% CO 2 in a humidified incubator. For Western blotting and infection, cells were plated at 90% confluence in either 6-or 12-well plates 24 h prior to transfection with 1-4 g of plasmids using LipoJet (Signagen Laboratories) according to the manufacturer's instructions. Human and mouse IFITM3 plasmids were described previously (5, 18, 20, 47) . Expression plasmids for the murine ZDHHCs were kindly provided by Dr. Masaki Fukata (National Institute for Physiological Sciences, Japan). The human ZDHHC20 plasmid was purchased from Origene. All siRNAs were SMARTpool siRNAs from Dharmacon and were transfected for 24 h using RNAiMax transfection reagent (Life Technologies) according to the manufacturer's instructions. For some experiments, MEFs were treated with IFN␣2 (EBioscience) at a 1:1000 dilution for 8 h, and HAP1 cells and A549 cells were treated with IFN␤ (BEI Resources) at a 1:100 dilution overnight.
Virus infection and flow cytometry
Influenza virus strain PR8, A/PR/8/34 (H1N1), was propagated in 10-day-old embryonated chicken eggs (Charles River) for 48 h at 37°C as described previously (54, 55) . HEK293T and HAP1 cells were infected with influenza PR8 for 24 h at a multiplicity of 2.5 and 1, respectively. Infected cells were fixed in 4% paraformaldehyde for 10 min, permeabilized with 0.1% Triton X-100 for 10 min, and then blocked with 2% FBS in PBS for 10 min prior to staining. Influenza virus-infected cells were stained with either anti-influenza nucleoprotein (Abcam) primary antibody followed by mouse Alexa Fluor 647 secondary antibody (Life Technologies) or with Alexa Fluor-conjugated anti-influenza nucleoprotein produced using a 100-g anti-ZDHHC20 enhances IFITM3 palmitoylation body labeling kit (Life Technologies). For detection of HA-ZD-HHC and myc-IFITM3 cotransfected cells by flow cytometry, cells were costained with directly labeled anti-HA (Covance) and anti-myc (Clontech) antibodies. All antibodies were diluted in 0.1% Triton X-100 in PBS, and cells were stained for 20 min. Each antibody staining step was followed by three washes with 0.1% Triton X-100 in PBS to remove unbound antibody. All samples were run on a FACSCanto II flow cytometer (BD Biosciences), and results were analyzed using FlowJo software.
Metabolic labeling, immunoprecipitation, and click chemistry
All palmitoylation experiments followed a standard, previously published protocol (5, 32, 33, 56) . Briefly, transfected or IFN-treated cells were metabolically labeled using 50 M alk-16 or DMSO control in DMEM containing 2% charcoal-stripped FBS (Thermo Fisher) for 1-4 h. Cells were isolated and lysed in Brij buffer containing 50 mM triethanolamine, 150 mM NaCl, 1% Brij 97, and EDTA-free protease inhibitor (Roche Applied Science). Labeled proteins were immunoprecipitated using anti-HA-or anti-myc-agarose beads (Sigma) or anti-IFITM3 (Proteintech) with Protein G-agarose for at least 1 h at 4°C and subsequently washed three times with lysis buffer to remove unbound proteins. This was followed by click chemistry reactions for 1 h using final concentrations of azidorhodamine (100 M), tris(2-carboxyethyl)phosphine hydrochloride (TCEP) (1 mM), tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine (TBTA) (100 M), and CuSO 4 (1 mM) as described previously (5, 32, 33, 56) . Fluorescence labeling was visualized on an Amersham Biosciences Typhoon 9410 gel scanner.
Fluorescence microscopy
For microscopy, MEFs were plated at 50% confluence on glass coverslips (Fisher Scientific) in 12-well tissue culture dishes and transfected with plasmid overnight. The next day, cells were then washed once with PBS, fixed using 4% paraformaldehyde for 10 min, permeabilized with 0.1% Triton X-100 in PBS for 10 min, and blocked in 2% FBS in PBS for 10 min. Cells were stained with primary antibodies anti-IFITM3 (Fragilis, Abcam), anti-HA (Covance), and anti-LAMP1 (Santa Cruz Biotechnology) diluted 1:1000 in 0.1% Triton X-100 in PBS for 20 min. Cells were then treated with Alexa Fluor-labeled secondary antibodies (Life Technologies) diluted 1:1000 in 0.1% Triton X-100 in PBS for 20 min. Slides were washed at least three times with 0.1% Triton X-100 in PBS between antibody staining steps. Coverslips were mounted on microscope slides with ProLong Gold antifade mountant with DAPI (Thermo Fisher) and allowed to cure overnight. Images were captured using a Fluoview FV10i confocal microscope (Olympus). Manders' overlap coefficient quantifications were performed using the JACoP plugin for ImageJ software (57) .
Western blotting
For Western blotting, cells were lysed in Brij buffer, and protein samples were run on precast Criterion TGX 4 -24% gels (Bio-Rad). Primary antibodies for human IFITM3 (Proteintech), HA tag (Covance), myc tag (Clontech), and GAPDH (Invitrogen), were diluted 1:1000 in 0.1% Tween 20 in PBS. Sim-ilarly, antibodies for ZDHHC6, ZDHHC7, and ZDHHC9 (Abcam) were diluted 1:500, and ZDHHC20 antibody (Sigma) was diluted 1:100. Secondary antibodies anti-mouse IgG HRP (Millipore) and anti-rabbit IgG HRP (Cell Signaling Technology) were diluted 1:10,000 in 0.1% Tween 20 in PBS.
